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FACSWe have shown previously that exacerbation of corneal scarring (CS) in HSV-1 glycoprotein K (gK)
immunized mice was associated with CD8+ T cells. In this study, we investigated the type and the nature of
the immune responses that are involved in the exacerbation of CS in gK-immunized animals. BALB/c mice
were vaccinated with baculovirus expressed gK, gD, or mock-immunized. Twenty-one days after the third
immunization, mice were ocularly infected with 2 × 105 PFU/eye of virulent HSV-1 strain McKrae.
Inﬁltration of the cornea by CD4+, CD8+, CD25+, CD4+CD25+, CD8+CD25+, CD19+, CD40+, CD40L+, CD62L+,
CD95+, B7-1+, B7-2+, MHC-I+, and MHC-II+ cells was monitored by immunohistochemistry, qRT-PCR and
FACS at various times post-infection (PI). This study demonstrated for the ﬁrst time that the presence of
CD8+CD25+ T cells in the cornea is correlated with exacerbation of CS in the gK-immunized group.
© 2009 Elsevier Inc. All rights reserved.Introduction
Herpes simplex type 1 (HSV-1) encodes at least 85 genes (McGeoch
et al., 1988) and 11 of these genes code for glycoproteins. Some of
these glycoproteins act as major targets and inducers of humoral and
cell-mediated responses (Burke, 1991, 1992; Dix and Mills, 1985;
Ghiasi et al., 1994a). HSV-1 glycoprotein K (gK) is one of the essential
HSV-1 glycoproteins and is encoded by the UL53 open reading frame
(Debroy et al., 1985; McGeoch et al., 1988). The gK gene encodes a
protein of 338 aa that is highly conserved in α-herpesviruses (Debroy
et al., 1985; McGeoch et al., 1988). Studies using insertion/deletion
mutants of this gene have shown the importance of the gK protein in
virion morphogenesis and egress (Foster and Kousoulas, 1999;
Hutchinson and Johnson, 1995; Hutchinson et al., 1995). Furthermore,
deletion of gK results in the formation of extremely rare microscopic
plaques, indicating that gK is required for virus replication (Foster and
Kousoulas, 1999; Hutchinson and Johnson, 1995), which is supported
by the observation that gK-deﬁcient virus can only be propagated on
complementing cells which express gK (Foster and Kousoulas, 1999;
Hutchinson and Johnson, 1995).
We previously demonstrated that immunization of mice with gK,
but not with any of the other HSV-1 glycoproteins, resulted in
exacerbation of corneal scarring (CS) and herpetic dermatitis
following ocular HSV-1 infection (Ghiasi et al., 1995a; Ghiasi et al.,Vaccine Development, CSMC
ly Boulevard, Los Angeles, CA
ll rights reserved.1994a). We also showed that transfer of whole serum or puriﬁed IgG
from gK-immunized mice to naive mice resulted in the same severe
exacerbation of CS following ocular HSV-1 infection as seen in gK-
immunized mice (Ghiasi et al., 1997a). In contrast, adoptive transfer
of T cells from gK-immunized mice to naive mice did not result in
exacerbation of CS following ocular HSV-1 infection (Ghiasi et al.,
1997a). More recently we have shown that depletion of CD8+ T cells
in gK-immunized mice reduced exacerbation of gK-induced CS in
ocularly infected mice (Osorio et al., 2004). We have also demon-
strated that a recombinant HSV-1 virus expressing two additional
copies of gK exacerbated CS, suggesting that gK over-expression is
pathogenic (Mott et al., 2007c). In addition, we have recently
demonstrated that the pathogenic region of gK is located within the
signal sequence of gK (Mott et al., 2009; Osorio et al., 2007).
HSV-1 infections are among the most frequent serious viral eye
infections in the United States and are a major cause of viral-induced
blindness (Barron et al., 1994; Dawson, 1984; Hill, 1987; Liesegang,
1999; Liesegang, 2001; Wilhelmus et al., 1996). It is well established
that HSV-1-induced CS and thus HSV-1-induced corneal blindness are
the result of immune responses triggered by the virus (Brandt, 2005;
Dix, 2002; Hendricks and Tumpey, 1990;Metcalf and Kaufman, 1976).
The exact identity of the immune responses, including the ﬁne
speciﬁcity of the potentially harmful T-cell effectors expressing classic
TCRαβ antigen receptors that lead to CS, remains an area of intense
controversy (Banerjee et al., 2002; Huster et al., 2002; Zhao et al.,
1998). Depending on the body of literature referenced, one can
conclude that CS is caused by T-cell dependent immune responses
(CD4+, CD8+) (Doymaz and Rouse, 1992; Ghiasi et al., 1997b;
Hendricks et al., 1989; Hendricks et al., 1992; Mercadal et al., 1993) or
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(Brandt and Salkowski, 1992; Ghiasi et al., 2000a; Oakes et al., 1993;
Tumpey et al., 1998a; Tumpey et al., 1998b). We have previously
shown that in gK-immunized mice, exacerbation of CS was associated
with the presence of CD8+ T cells (Osorio et al., 2004), and these
CD8+ T cells could be CD25+ (regulatory T cells, T8reg) or CD25−
(effector T cells). Thus, both CD8+CD25+ and CD8+CD25− T cells
may contribute to exacerbation of CS in our gK model of CS.
To determine if the presence of CD8+CD25+ or CD8+CD25− T cells
in the cornea of gK-immunized mice contributed to higher CS in
infected mice, mice were vaccinated with gK (exacerbated CS), gD
(protected from CS) or mock-vaccinated (moderate CS relative to gK).
Following ocular infection, the corneas, spleen, and thymus of gK-
immunized mice were harvested at various times post-ocular
infection and examined for the presence or absence of different
immune factors by immunostaining, qRT-PCR and FACS analysis. Our
results demonstrated that the presence of CD8+CD25+ T cells is
associated with gK immunization and, thus, is correlated with the
exacerbation of CS seen in gK-immunized mice, conﬁrming our
previously published study on T-cell depletion (Osorio et al., 2004).
Results
Immunohistochemical evidence of presence of CD8+CD25+ T cells in
cornea of gK-immunized mice
We have shown previously that following ocular HSV-1 infection,
gD-immunized mice had little corneal disease, whereas gK-immu-
nized mice had severely exacerbated corneal disease, and mock-
immunizedmice had amoderate level of corneal disease (Ghiasi et al.,
1994b). To differentiate between local ocular immune responses that
exacerbate HSV-1 induced eye disease and immune responses that
provide protection against eye disease, mice were immunized three
times with baculovirus expressed gD, gK, or mock-immunized and
ocularly infected with HSV-1 as described in Materials and methods.
Based on our previous time course studies for the presence of
inﬁltrates in corneas of infected mice (Ghiasi et al., 1995b), corneas
were removed on day 5 PI, sectioned, and the presence of CD4+,
CD8+, CD25+, B7-1+, B7-2+, CD19+, CD40+, CD40L+, CD62L+,
CD95+, MHC-I+, and MHC-II+ cells was examined by single
staining, whereas the presence of Treg cells (CD4+CD25+ and
CD8+CD25+) was examined by double staining. Inﬁltrates of the
cornea are quantiﬁed in Figs. 1B and C and 3B, while the images of
those inﬁltrates that were different between gK and control groups
are shown in Figs. 1A and 3A.
The number of individual CD4+ and CD25+ inﬁltrates in corneas of
the gK-immunized group was signiﬁcantly higher compared to the
mock-immunized group (Figs. 1B and 3B; Pb 0.05, Student's t-test).
The gD and gK groups contained large numbers of CD4+ T cells close
to the corneal epithelial basementmembrane and the anterior third of
the stroma, whereas mock-immunized corneas only displayed CD4+
staining in the stroma (Fig. 1A). Positive staining for CD25+ was most
prevalent in the stroma of gK-immunized corneas, whereas there
were signiﬁcantly fewer detectable CD25+ T cells in the other groups
(Fig. 3B; Pb0.05, Student's t-test). We observed extensive staining for
CD8+ T cells in the stroma of the gK-immunized group (Fig. 1A), with
both the gK- and mock-immunized groups having signiﬁcantly more
CD8+ cells than the gD-immunized group (Fig. 1C; Pb0.05, Student's
t-test). Immunostaining for individual CD4+, CD8+, and CD25+
inﬁltrates as described above suggested elevation of these inﬁltrates
in cornea of the gK-immunized group when compared to control
groups. Thus, to determine if these T cells in corneas of gK-immunized
mice were regulatory or effector, corneas of the three groups of mice
were double-stained for the presence of CD4+CD25+ or CD8+CD25+
T cells.We detected 2.0±0.05 CD4+CD25+ cells in the gK-immunized
group, which was not signiﬁcantly different from either the gD- ormock-immunized groups (Figs. 1A and B; PN0.05, Student's t-test).
Signiﬁcantly less CD8+CD25+ T cells were detected in the gD- and
mock-immunized groups when compared to the gK-immunized
group (Fig. 1C; Pb0.05, Studen'ts t-test). The majority of CD25+
cells also stained positive for CD8 in the gK-immunized group
(Fig. 1A). Since the major difference detected between the three
groups was the presence of CD8+CD25+ T cells in corneas of the gK-
immunized group, themean numbers of CD8+CD25+ and CD8+CD25−
(aswell as themean numbers of CD4+CD25+ and CD4+CD25−) T cells
(from 6 eyes) were quantiﬁed and shown in Figs. 1B and C. In
conclusion, we detected signiﬁcantly more CD8+CD25+ T cells in gK-
immunized corneas than mock- or gD-immunized corneas (Fig. 1C;
Pb0.0001, Student's t-test). In contrast, no signiﬁcant differences
were detected between the mock- and gK-immunized groups for the
presence of CD8+CD25−effector T cells (Fig. 1C; PN0.05, Student's t-
test) or CD4+CD25+ T cells (Fig. 1B; PN0.05, Student's t-test). The
above results suggested signiﬁcant differences in the gK group for the
presence of CD4+, CD8+, CD25+ and CD8+CD25+ T cells on day 5 PI.
To determine how late these T cells are detected in corneas of gK-
immunized mice, we evaluated the corneas from each group for the
presence of CD4+, CD8+, CD25+, CD4+CD25+ and CD8+CD25+ on
days 10, 14 and 28 PI (Fig. 2). CD4+ inﬁltrates were detected in
corneas of all groups on days 10 and 14 PI (Fig. 2). However, by day 28
PI, the corneas of the gD-immunized group were clear of CD4+, CD8+
and CD25+ inﬁltrates. The mock-immunized corneas contained CD4+
and CD25+ as last as day 28 PI as well as CD4+CD25+, whereas the
gK-immunized corneas contained CD8+ inﬁltrates in addition to CD4+
and CD25+ inﬁltrates up to day 28 PI (Fig. 2). Finally, while we
observed CD8+CD25+ T cells on day 5 PI (Fig. 1A), no double-stained
CD8+CD25+ T cells were detected in any of the groups on days 10, 14,
or 28 PI (Fig. 2). The presence of individual staining for CD25+ in the
absence of double staining for CD4+CD25+ or CD8+CD25+ T cells on
days 10, 14, or 28 PI is most likely due to the staining of CD25+ on
activated B cells rather than T cells as described previously (Chen
et al., 1994; Ortega et al., 1984).
In addition to staining for CD4+, CD8+, and CD25+ (Fig. 1A), the
presence of B7-1,+ B7-2+, CD19+, CD40+, CD40L+, CD62L+, CD95+,
MHC-I+ and MHC-II+ inﬁltrates was examined by single staining of
corneas of gK-, gD-, andmock-immunizedmice. Representative corneas
from the three vaccinated groupsonday 5PI are displayed in Fig. 3A and
quantiﬁed in Fig. 3B.Weobservednodetectable differences in the levels
of B7-1+, CD19+ or MHC-II+ inﬁltrates between the three groups. We
observed signiﬁcantly increased numbers of CD95+ inﬁltrates in the
corneal epithelium, endothelium and stroma of gD-immunized mice
compared to both mock- and gK-immunized groups (Fig. 3, CD95;
Pb0.05, Student's t-test). Signiﬁcantly increased expression of B7-2+
was observed in gK- and mock-immunized corneas compared to gD-
immunized groups (Fig. 3, B7-2; Pb0.05, Student's t-test). In gK-
immunized corneas there was extensive CD40+ staining in the stroma,
whereas therewas nonedetected in themock- or gD-immunized group
(Fig. 3, CD40; Pb0.05, Student's t-test). CD40L+ inﬁltrates were
detected in the stroma of all groups; however, there were signiﬁcantly
more positive cells detected in the gK-immunized group when
compared to the mock and gD groups (Fig. 3, CD40L; Pb0.05, Student's
t-test). There was also a signiﬁcant increase in CD62L+ inﬁltrates in
stroma of the gK-immunized compared to the other groups (Fig. 3,
CD62L; Pb0.05, Student's t-test). Finally, there were high numbers of
MHC-I+ inﬁltrates inmock- and gK-immunized corneas, whereas there
was no observable MHC-I positive staining in gD-immunized corneas
(Supplementary Fig. 2 and Table 1).
In addition to the cornea, we also performed immunohistochem-
ical analysis for the presence of the above inﬁltrates in the spleen
(Supplementary Fig. 3) and thymus (Supplementary Fig. 4) of mock-,
gD- and gK-immunized groups. Increased numbers of CD95+ cells
were detected in the spleen of gK- and mock-immunized groups
when compared to the gD-immunized group (Supplementary Fig. 3
Fig. 1. Immunohistochemistry of T-cell inﬁltrates in corneas of immunized mice on day 5 PI. Mice were immunized and ocularly infected as described in Materials and
methods. Corneas from infected mice were removed at necropsy on day 5 PI, frozen, sectioned, then single or sequential double stained as described in Materials and methods.
(A) T-cell inﬁltrates in cornea. Panels: red: CD4+ or CD8+; light blue: CD25+; and dark gray: CD4+CD25+ or CD8+CD25+ inﬁltrates. 60× direct magniﬁcation of single stain
and 80× magniﬁcation of double stain. Arrows point to single stained cells while arrowheads indicate positive double staining. (B) Number of CD4+CD25+ inﬁltrates in
cornea. For each double staining, the number of inﬂammatory CD4+CD25+ and CD4+CD25− inﬁltrates on the entire corneal section was counted double-blind for each of six
eyes as in (B). (C) Number of CD8+CD25+ inﬁltrates in cornea. For each double staining, the number of inﬂammatory CD8+CD25+ and CD8+CD25− inﬁltrates on the entire
corneal section was counted double-blind for each of six eyes. Each section represents the width and height of the entire cornea. The height of each bar represents the average
number of cellular inﬁltrates from six eyes±SEM.
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CD19+ cells than the other groups (Supplementary Fig. 3 and Table 1).
Thymic sections from the gK-immunized group contained higher
numbers of B7-1+, CD19+ and CD40L+ inﬁltrates when compared to
the gD-immunized group (Supplementary Fig. 4 and Table 1). Finally,
we observed increased expression of CD62L+ inﬁltrates in the gK-
immunized group compared to the other groups in all tissues
examined—cornea, spleen and thymus (Fig. 3B and Table 1).
A summary of immunostaining results for the presence of CD4+,
CD8+, CD25+, B7-1+, B7-2+, CD19+, CD40+, CD40L+, CD62L+, CD95+,
MHC-I+ andMHC-II+ inﬁltrates in gK, gD, andmock groups at various
times PI is shown in Fig. 3. These results suggest that (i) in gK-
immunized mice, elevation of CD8+, CD25+, CD8+CD25+, CD40+,
CD40L+, B7-2+, CD62L+ and MHC-I+ correlated with exacerbation of
CS (gK group); (ii) there was signiﬁcantly increased expression ofCD95+ in the CS protected group (gD-immunized mice) correlating
this inﬁltrate with protection; and (iii) high numbers of CD4+
inﬁltrates did not correlate with eye disease since all groups had
elevated numbers of CD4+ T cells.
Detection of CD8+CD25+ T cells in the corneas of gK-immunized mice
by FACS
Our double staining results suggest that the level of CD8+CD25+ T
cells in the cornea of gK-immunized mice correlated with the increase
of gK-induced CS. To conﬁrm the immunostaining results with FACS,
BALB/c mice were vaccinated 3× as described above. Three weeks
after the ﬁnal vaccination, all mice were infected ocularly with 2×105
PFU/eye of HSV-1 strain McKrae. Infected mice were sacriﬁced on day
5 PI, and CD4+CD25+ and CD8+CD25+ T cells in cornea, spleen, and
Fig. 2. Immunohistochemistry of T-cell inﬁltrates in corneas of immunized mice on days 10, 14, and 28 PI. BALB/c mice were immunized and infected as described in the legend to
Fig. 1. Corneas from infected mice were removed at necropsy on days 10, 14 and 28 PI, frozen, sectioned, then single CD4+, CD8+, or CD25+ staining or sequential double staining for
CD4+CD25+ or CD8+CD25+ on corneal sections was performed as described in Materials and methods. Individual positive staining for CD4+, CD8+ and CD25+ appears dark red,
CD25+ appears light blue/gray, while double staining CD4+CD25+ or CD8+CD25+ appears dark gray due to the cell having both a dark red and light blue label. 60× direct
magniﬁcation. Arrows indicate positive single staining while arrowheads indicate positive double staining.
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FACS. The CD4+ and CD8+ T cells were gated for presence or absence
of CD25+ expression (Fig. 4). Similar to immunostaining (Figs. 1A
and 2) the FACS analysis indicates the expansion of CD25+
population of CD8+ T cells in cornea of gK-immunized and ocularly
infected mice, but not in the uninfected or infected mock-
immunized or gD-immunized mice (Fig. 4, CD25, top panels).
Gating for CD25+ indicated that approximately 11% of the CD8+ T
cells isolated from the gK-immunized cornea were CD8+CD25+,
whereas negligible numbers of cells (2%) in corneas of mock- or gD-
immunized mice were CD8+CD25+ (Fig. 4, top row). However, no
differences were detected for CD8+CD25− T cells for any of the
groups, including gK-immunized mice (Fig. 4, middle panels). Thisis similar to the results presented in Fig. 1A, in which the majority
of CD8+ T cells in the cornea of gK-immunized mice were CD25+.
In contrast to the results in corneas, the population of CD8+CD25+
T cells was similar in lymphocytes isolated from thymus and spleens of
gD- and gK-immunized groups as well as the uninfected group (Fig. 4).
However, there was a decrease in the amount of CD8+CD25+ T cells in
themock-infected group,which could be attributed to lower cell vitality
as the same trendwas observed for all staining in themock-immunized
spleen (Fig. 4). Finally, there were no differences observed in the
populations of CD4+CD25+ or CD4+CD25− cells in the spleen or
thymus of any group (Fig. 4).
In summary, our observations regarding CD8+CD25+ immuno-
histochemistry (Fig. 1) showed strong similarity with FACS analysis
Fig. 3. Immunohistochemistry of various corneal inﬁltrates in immunizedmice on day 5
PI. (A) Corneal Inﬁltrates. BALB/c mice were immunized and infected as described in
the legend to Fig. 1. Corneas were harvested on day 5 PI, snap frozen, and processed as
described in Materials and methods. Representative corneal sections stained with anti-
B7-1, anti-B7-2, anti-CD19, anti-CD40, anti-CD40L, anti-CD62L, anti-CD95, anti-MHC-I,
or anti-MHC-II are shown. Positive staining appears red, whereas tissue is counter-
stained blue. 60× direct magniﬁcation. (B). Quantiﬁcation of corneal inﬁltrates. For
each staining, the number of inﬁltrates on the entire corneal section was counted
double-blind for each of six eyes. Each section represents the width and height of the
entire cornea. The height of each bar represents the average number of cellular
inﬁltrates from six eyes±SEM.
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in the cornea correlating with exacerbation of CS in gK-immunized
group,whereas the levels of CD4+CD25+CD4+CD25− and CD8+CD25−
cells did not correlate with disease or protection.
Gene expression proﬁles in corneas and spleens of gK-immunized and
ocularly infected mice
Our immunostaining and FACS results described above suggested
that the elevation of CD4+, CD8+, CD25+, CD40+ and CD40L+ was
correlated with exacerbation of CS in gK-immunized mice. Thus, the
presence of these transcripts along with the transcripts for FoxP3 and
active caspase-3 was determined by qRT-PCR using total RNA isolated
from corneas of gK-, gD-, and mock-immunized groups on days 3, 5,
10 and 28 PI. RNA isolated from spleens was used as a control and is
shown in Supplementary Fig. 5.
Mock- and gK-immunized mice had signiﬁcantly increased
expression of corneal CD4 compared to gD-immunized mice on days
3 and 10 (Fig. 5A, CD4; Pb0.01). gK-immunized mice had a
statistically signiﬁcant increased expression of CD8 compared to
both mock- (Pb0.001) and gD-immunized (Pb0.01) mice on day 10
(Fig. 5B, CD8). There was a statistically signiﬁcant increase in CD25
expression in the gK-immunized mice when compared to other
groups on day 10 (Pb 0.05) (Fig. 5C, CD25). The results for CD4, CD8
and CD25 expression agree with our ﬁndings with immunohisto-
chemistry over this time course (Fig. 2).
In the gK-immunized group there was a statistically signiﬁcant
increased expression (Pb 0.05) of CD40 on all days compared to the
gD-immunized group (Fig. 5E, CD40) and we observed a statistically
signiﬁcant increase in expression of CD40L in the gK-immunized
group on days 10 (Pb 0.01) and 28 PI (Pb 0.05) when compared to
the gD-immunized group (Fig. 5F, CD40L). Finally, there was a
statistically signiﬁcant increase in active caspase-3 expression in the
mock- and gK-immunized groups compared to gD-immunized group
on days 3 (Pb 0.01), 5 (Pb 0.001), and 28 (Pb 0.01) (Fig. 5G, active
caspase-3). Taken together, these data demonstrated a signiﬁcant
increase in the expression of CD8, CD25, active caspase-3, CD40 and
CD40L in mice presenting with CS during the course of HSV-1
infection. The immunohistochemistry results described above (Figs. 1
and 3) strongly agreed with the qRT-PCR patterns of increased CD8,
CD25, CD40 and CD40L transcripts in CS mice (mock- and gK-
immunized groups) over that of gD-immunized groups (Fig. 5).
The expression of CD4, CD8, CD25, active caspase-3, CD40 and
CD40L transcripts was also examined in the spleens of each group
during the course of infection (Supplementary Fig. 4). We observed a
signiﬁcant increase in the expression of FoxP3 and active caspase-3 in
the gK-immunized group when compared to the other groups
(Supplementary Fig. 4D and G). While we did not detect differential
gene expression for CD4, CD8, CD25, CD40 or CD40L transcripts
between spleens of the gK- and gD-immunized groups (Supplemen-
tary Fig. 4A, B, C, E and F), we did detect a signiﬁcant increase in the
expression of all genes in the gK-immunized groupwhen compared to
the mock-immunized group (Supplementary Fig. 4).
Overall, the immunohistochemistry, FACS, and qRT-PCR data from
the corneas were directly correlated with eye disease, whereas no
direct correlation was detected between responses in spleen and
thymus of infected mice with that of ocular pathology. Consequently,
looking at the responses in the corneas is a better indicator of eye
disease than the spleen or thymus.
Discussion
HSV-1-induced CS, also broadly referred to as herpes stromal
keratitis (HSK), can lead to blindness and HSV-1 is the leading cause of
corneal blindness due to an infectious agent in developed countries
(Dawson, 1984; Dix, 2002; Liesegang, 2001). It is well established andwell accepted that HSV-1-induced CS is the result of immunopathol-
ogy. Patients with enhanced immune responses develop the worst
clinical manifestations of herpetic stromal disease (Corey and Spear,
1986; Schmid, 1988). Previously we have shown that exacerbation of
CS in gK-immunized mice following ocular HSV-1 infection was
associated with anti-gK antibody (Ghiasi et al., 1997a). In line with
these results we have shown that sera from HSK individuals had
higher anti-gK antibody titers than sera from seropositive individuals
with no history of HSK despite having similar levels of neutralizing
antibody titers and HSV-1 IgG (Mott et al., 2007b). Furthermore,
similar to our animal studies (Ghiasi et al., 2000b), sera from HSK
individuals induced antibody-dependent enhancement (ADE),
whereas sera from non-HSK individuals did not induce ADE (Mott
et al., 2007b). The ability of gK antibody to exacerbate corneal scarring
following ocular HSV-1 infection may appear contradictory to
exacerbation of corneal scarring in the presence of elevated levels of
gK (i.e., an HSV-1 mutant that over-expresses gK (Mott et al., 2007c)
and ocular HSV-1 infection in the presence of a gK 8mer (Mott et al.,
2009)). One possible explanation would be if gK antibody binds to gK
and prevents its degradation. This would increase the half-life of gK,
effectively increasing gK levels. Exacerbation of CS by gK antibody,
over-expression of gK, and addition of the gK 8mer may thus all
exacerbate corneal scarring via a mechanism involving elevated gK
levels.
The main goal of the present study was to determine the speciﬁc
pathogenic immune response that leads to gK-induced exacerbation
of CS in the presence of anti-gK antibody. We have observed different
patterns of corneal inﬁltrates that correlate with high, moderate or no
CS. Our results demonstrate that CD8+CD25+ T-cell inﬁltrates at high
level were present in corneas of the gK-immunized group and not in
themock-or gD-immunizedgroups. These results implicate CD8+CD25+
T cells but not CD8+CD25−effector T cells in the exacerbation of CS
observed in gK-immunized mice. The Foxp3 gene has been correlated
to CD4+CD25+ and CD8+CD25+ Treg cells (Campbell and Ziegler,
2007). In this study, while we did not detect signiﬁcant differences,
FoxP3 expression displayed a pattern of highest expression in the gK-
immunized cornea, suggesting that the CD8+CD25+ T cells detected in
Fig. 3 (continued).
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interest in the identiﬁcation of Tregs in various pathologic conditions.
These cells suppress immunity both non-speciﬁcally (Cosmi et al.,
2003; Xystrakis et al., 2004) and speciﬁcally (Dhodapkar and Stein-
man, 2002; Gilliet and Liu, 2002). Similar to our ﬁnding, it was
previously reported that CD8+CD25+ T cells could contribute to thedisease process in ACAID (Lin et al., 2005), EAE (Chen et al., 1995),
Hashimoto's disease (Watanabe et al., 2002), psoriasis (Kohlmann et al.,
2004), and more recently in colorectal cancer tissue (Chaput et al.,
2009). In this study we observed both CD4+CD25+ and CD4+CD25− T
cells in corneas of all infected groups. While CD4+ T cells do not appear
to play a role in the exacerbation of CS seen in gK-immunized mice,
Table 1
Summary of inﬁltrates detected in cornea, spleen and thymus of immunized mice on
day 5 PI. Female BALB/c mice were immunized 3×with gK, gD, or mock.
Inﬁltrate Cornea Spleen Thymus
Mock gD gK Mock gD gK Mock gD gK
CD4 + + ++ ++ ++ ++ ++ ++ ++
CD8 + + + ++ + + ++ ++ ++
CD25 + + + ++ ++ ++ + ++ ++
CD19 − − − + ++ + + + ++
CD40 − − + ++ ++ ++ + + +
CD40L + + + ++ + + ++ + +
CD62L − + + ++ ++ ++ + + ++
CD95 + ++ + ++ + ++ ++ ++ ++
B7-1 + + + + + + + + +
B7-2 ++ + ++ ++ ++ ++ + ++ ++
MHC-I + − ++ ++ ++ ++ ++ ++ ++
MHC-II − + + ++ ++ ++ ++ ++ ++
CD4+CD25+ + + + ND ND ND ND ND ND
CD8+CD25+ + − + ND ND ND ND ND ND
Immunized mice were infected with 2 × 105 PFU/eye of McKrae. Positive cells for each
eye were counted in a double-blind fashion on day 5 PI. +++, N40 cells detected in
each microscopic ﬁeld; ++, N30 cells detected in each microscopic ﬁeld; ++, 29 to 10
cells in each ﬁeld; +, b10 cells detected in each ﬁeld;−, no cell detected in each ﬁeld.
ND, not determined.
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we have shown some level of CS in gK-immunized mice in the absence
of CD8+ T cells (Osorio et al., 2004).
Our ﬁndings with regards to elevation of CD8+CD25+ T cells in
cornea of mice immunized with gK are interesting in light of our
previous study, in which adoptive transfer of T cells from gK-
immunized mice did not produce exacerbation of corneal scarring
following HSV-1 infection (Ghiasi et al., 1997a), thus indicating that
gK primed T cells alone are not responsible for this immunopatho-
logical reaction. We also showed that passive transfer of sera from gK-
immunized mice to naive mice produced an exacerbation of corneal
scarring following ocular infection in the absence of gK primed T cells.
In addition, we have shown that the presence of anti-gK antibody
results in a higher viral load in the eyes due to ADE (Ghiasi et al.,
2000b). This higher viral load presumably enhances the activity of
CD8+ T cells, resulting in increased pathology (corneal scarring).
Thus, corneal scarring induced by gK immunization appears to involve
an indirect increase in the activation of CD8+CD25+ T cells resulting
from ADE induced by anti-gK antibody.
Our immunohistochemical data demonstrated an increase in
CD62L+ cells in the cornea, spleen and thymus of the gK-immunized
group compared to the other groups suggesting T lymphocyte
progression from naive to memory T cells. Lymphocyte cell surface
molecule CD62L has been shown to play a crucial role in activation as
well as speciﬁc homing of T cells to lymphoid organs (Arbones et al.,
1994). Following activation, CD62L was reported to shed rapidly and
cells migrate towards peripheral sites (Stamenkovic, 1995). However,
this is not frequently observed after leukocyte activation (Ding et al.,
2003; Usherwood et al., 1999). We have shown an elevation of CD62L
in cornea of ocularly infected mice especially in the gK group
supporting a putative role for CD62L in CD8+CD25+ induced CS.
The CD40–CD40L interaction is critical in cell-mediated immunity
and in generating T cell-dependent B cell responses in both animals
and humans (Etzioni and Ochs, 2004; Kawabe et al., 1994). Previously
it was shown that CD40 is involved in the generation of CD8+CD25+
Treg (Gilliet and Liu, 2002). In this study using both immunohisto-
chemistry and qRT-PCRwe have demonstrated that the levels of CD40
and CD40L are increased in corneas of gK- andmock-immunizedmice
compared to the gD-immunized group. Engagement of CD40 and
CD40L between B and T cells allows for B cell activation, formation of
germinal centers, subsequent class switch recombination and somatic
hypermutation, and can lead to the production of antibody secretingplasma cells (van Kooten and Banchereau, 2000). The increase of
CD40 and CD40L staining observed in the corneas of the gK group
further conﬁrm our previous study that humoral immunity is a
necessary factor in the gK-associated exacerbated CS (Ghiasi et al.,
1997a) following ocular infection with wild-type HSV-1. Our
immunohistochemical data demonstrated positive staining for
CD40L in small clusters within the splenic white pulp of both gK-
and mock-immunized groups, whereas CD40L staining in the gD
group was scattered and did not appear to be localized to germinal
centers (Supplementary Fig. 3). This further suggests an active role for
CD40–CD40L in the gK-induced humoral immune response. Addi-
tionally, it has been shown that the development of autoimmune
uveitis is dependent on the CD40–CD40L interaction, as the disruption
of this interaction via anti-CD40 antibody prevented disease devel-
opment in an experimental autoimmune uveitis murine model
(Bagenstose et al., 2005). Our results mimic this study as an absence
of CD40 and a reduction of CD40L in the corneas of gD-immunized
mice are correlated with protection against CS.
The expression of CD40 can also render lymphocytes resistant to
CD95-activation induced cell death (AICD) as observed in EBV
infection (Imadome et al., 2009) and in chronic lymphocytic leukemia
(de Totero et al., 2004). Therefore, the inhibition of CD95-mediated
cell death would allow an increased amount of unchecked T cells to
stimulate the damaging immune response and exacerbate CS in gK-
immunized animals. Furthermore, upregulation of CD40 and CD40L
has already been implicated in human autoimmune diseases such as
systemic lupus erythematosus (Crow and Kirou, 2001) and inﬂam-
matory bowel disease (Danese et al., 2004). Similar to this study, it
was shown previously that gD protected HSV-1 infected U937 cells
from Fas-mediated apoptosis (Medici et al., 2003).
Taken together, our data suggest that the increased expression of
CD40 and CD40L in the gK-immunized cornea could result in multiple
and potentially chronic immune enhancing responses such as (i)
increased cell-mediated immunity, (ii) activation of the humoral
immune response, and (iii) lymphocyte apoptosis escape as CD40
could potentially render the inﬁltrating lymphocytes resistant to
CD95–CD95L mediated cell death, creating an ACAID-like autoim-
mune response in the gK-immunized cornea.
In summary, our results suggest that CD40/CD40L acts as a cusp
between B cells and T cells in infected gK-immunized mice and
demonstrate for the ﬁrst time a correlation between gK-exacerbated
CS and CD8+CS25+ T cells. Therapeutics directed against regulators of
the network of costimulatory molecules identiﬁed in this study may
provide useful treatment strategies against HSK.
Materials and methods
Virus and cells
Plaque-puriﬁed McKrae, a neurovirulent HSV-1 strain, was grown
in rabbit skin (RS) cell monolayers in minimal essential medium
(MEM) containing 10% fetal calf serum as described previously
(Ghiasi et al., 1994b).
Mice
BALB/cJ and C57BL/6 (female, 6 weeks old) mice were obtained
from The Jackson Laboratory (Bar Harbor, ME). Animals were handled
in accordance with the ARVO statement for the Use of Animals in
Ophthalmic and Vision Research under an approved IACUC protocol.
Immunization
Mice were immunized three times at 3-week intervals subcuta-
neously (SC) with baculovirus-expressed recombinant gK as de-
scribed (Ghiasi et al., 1994b). As a positive control, additional BALB/c
Fig. 4. Detection of CD8+CD25+ T cells in corneas of gK-immunizedmice by FACS. BALB/c mice were immunized and infected as described in the legend to Fig. 1. Corneas, spleens, and
thymuseswere harvested on day 5 PI. The corneal tissues were cut into small pieces and then treatedwith 3mg/mL of collagenase type I for 2.5 h at 37 °C, with gentle passage 3–4 times
through an 18-gauge syringe after the ﬁrst hour. The single cell suspensions of total corneal cells, spleens, and thymuses were prepared as described (Osorio et al., 2005). Cell surface
staining of single cell suspensions of cornea, spleen, and thymus from individual mice was accomplished using anti-CD4-Cy, anti-CD8a-PE, and anti-CD25-FITC mAbs. Three-color FACS
analyses of isolated corneal cells were performed using a FACScan. CD4+ and CD8+ T cells were gated for presence or absence of CD25 expression. Experiments were repeated twice.
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expressing gD (Ghiasi et al., 1998). SC injections were done using
complete Freund's adjuvant (CFA) on day 0 and incomplete Freund's
adjuvant (IFA) on days 21 and 42. For SC injections, gK or gD
expressed glycoproteins were emulsiﬁed 1:1 in CFA or IFA. Each
vaccination consisted of extracts from 1×106 cells, which contained
approximately 5 μg of gK or gD, based on the intensity of each
expressed glycoprotein band on Coomassie Brilliant Blue stained gels.Mock-immunized mice were similarly inoculated three times with
wild-type baculovirus infected Sf9 cells.
Ocular infection
Three weeks after the third immunization, mice were intraocularly
infected with 2×105 PFU of HSV-1 McKrae, administered as a 2 μL eye
drop into an eye that had no prior corneal scariﬁcation.
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Fivemice fromeachgroupwere sacriﬁcedondays 5, 10, 14, and28PI,
and corneas, thymus and spleen were removed from each mouse at
autopsy. The corneas, thymus and spleen were snap frozen in an
isopentane–liquid nitrogen bath and stored at−80 °C. Cryostat sections,
8–10 μm thick, were cut and air dried overnight, then ﬁxed in reagent
grade acetone for 3 min at 25 °C. Immunostaining was performed using
monoclonal antibodies against CD4 (clone GK1.5), CD8 (clone 53-6.7),
CD25 (clone PC61), B7-1 (clone 1G10), B7-2 (clone H-200), CD19 (clone
1D3), CD40 (clone 3/23), CD40L (clone D1.61), CD62L (clone MEL-14),
MHC-I (clone 28-14-8), MHC-II (clone 1-A/1-E) and CD95 (Fas) (clone
X-20) (BD Biosciences, San Jose, CA). The numbers of corneal cells
immunopositive for each antibody were counted in a double-blind
fashion from the entire corneal section. To reduce possible staining or
sampling variability, three consecutive sections from each cornea were
examined on each slide. One section was used to quantitate the number
and distribution of cells. The second and third sections were used to
verify these results, thereby conﬁrming accuracy and ensuring a lack of
artifacts due to staining or tissue manipulation. Only positively stained
cells in the cornea, includingepithelial, endothelial, and stromal layers, as
well as the adjacent ciliary body were analyzed. Each section covers the
entire height andwidth of the cornea and comprises approximately 1/20
of the depth of the cornea. Each group consisted of sample sections from
6 eyes, and each number represents the average cell count for each
group. In addition to the single staining described above using
biotinylated secondary antibody, some of the sections were double
stained. Sequential double staining on corneal sections from the three
groupswas performed as follows: (i) sectionswere incubatedwith CD25
mAb (2 h); (ii) biotinylated secondary antibody (1 h); (iii) avidin
biotinylated enzyme complex (30 min); (iv) after application of all the
immunoreagent steps, peroxidase activity was developed in light blue
color. For CD4 or CD8 detection, CD4 or CD8 antibody, biotinylated
secondary antibody, avidin biotinylated enzyme complex was added as
above. As a ﬁnal step peroxidase activity was developed in red. Thus, the
individual color for CD25+ cell is light blue, for CD4+ or CD8+ cell is red,
whereas the combined color of either CD25 and CD8 positive cells or
CD25 and CD4 positive cells is dark gray. Supplementary Fig. 1 shows an
exampleof CD4+(red), CD25+(lightblue), andCD4+CD25+(dark gray)
cells in retina of gK-immunized and ocularly infectedmice on day 5 PI to
demonstrate the colorimetric differences that allowed either single
label (red or light blue) to be distinguished from the double label
(dark gray).
Flow cytometry
BALB/c mice were immunized and infected as described in the
legend to Fig. 1. Corneas, spleens, and thymuses were harvested on
day 5 PI. The corneal tissues were cut into small pieces and then
treated with 3 mg/mL of collagenase type I for 2.5 h at 37 °C, with
gentle passage 3–4 times through an 18-gauge syringe after the ﬁrst
hour. The single cell suspensions of total corneal cells, spleens, and
thymuses were prepared as described (Osorio et al., 2005). Cell
surface staining of single cell suspensions of cornea, spleen, and
thymus from individual mice was accomplished using anti-CD4-Cy,
anti-CD8a-PE, and anti-CD25-FITCmAbs. Three-color FACS analyses of
isolated corneal cells were performed using a FACScan. CD4+ and CD8+
T cells were gated for presence or absence of CD25 expression.
Experiments were repeated twice.
RNA extraction and cDNA synthesis
Corneas and spleens from immunized mice were collected on days
3, 5, 10, and 28 PI and immersed in RNAlater RNA stabilization reagent
and stored at −80 °C until processing. The corneas or spleen from
each animal were processed for RNA extraction using TRIzol reagent(Invitrogen, Carlsbad, CA) and RNeasy column cleanup (Qiagen, Inc.,
Valencia, CA). Brieﬂy, frozen tissue was resuspended in TRIzol and
homogenized, followed by addition of chloroform, and subsequent
precipitation using isopropanol. The RNA was then treated with
DNase I to degrade any contaminating genomic DNA followed by
cleanup using a Qiagen RNeasy column as described in the manufac-
turer's instructions. The RNA yield from all samples was determined
by spectroscopy (NanoDrop ND-1000, NanoDrop Technologies, Inc.,
Wilmington, DE). On average, the RNA yield from cornea and spleen
samples was 1.8–3.75 μg and 50–80 μg, respectively. Finally, 500 ng of
total RNAwas reverse-transcribedwith random hexamer primers and
Murine Leukemia Virus (MuLV) Reverse Transcriptase contained in
the High Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, Foster City, CA), as per the manufacturer's recommendations.
All isolated corneas used for qRT-PCR and cell sorting described below
were free of contamination from other parts of the mouse eye,
vitreous ﬂuid, and tears.
TaqMan real-time PCR
The expression levels of various target genes, along with the
expression of the endogenous control gene GAPDH, were evaluated
using commercially available TaqMan Gene Expression Assays
(Applied Biosystems, Foster City, CA) containing optimized primer
and probe concentrations. Primer probe sets consisted of two
unlabeled PCR primers and the FAM dye-labeled TaqMan MGB
probe formulated into a single mixture. Additionally, all probes
were designed to overlay an intron–exon junction to eliminate signal
from any potential genomic DNA contamination. The assays used in
this study were as follows: (i) CD4 ABI ASSAY I.D. Mm00442754_m1 –
Amplicon Length=72 bp, (ii) CD8 (α chain) ABI ASSAY I.D.
Mn01182108_m1 –Amplicon Length=67 bp, (iii) GAPDH ABI
ASSAY I.D. Mm999999.15_G1 – Amplicon Length=107 bp, (iv)
CD25 ABI ASSAY I.D Mm00434261_m1 – Amplicon Length=123bp,
(v) FoxP3 ABI ASSAY I.D. Mm00475164_m1 – Amplicon
length=80bp, (vi) CD40 ABI ASSAY I.D Mm00441891_m1 – Ampli-
con Length=68bp, (vii) CD40L ABI ASSAY I.D Mm00441911_m1 –
Amplicon Length=120bp, and (viii) active caspase-3 ABI ASSAY I.D
Mm01195084_m1 – Amplicon Length=79bp. Quantitative real-time
PCR was performed using an ABI PRISM 7900HT Sequence Detection
System (Applied Biosystems, Foster City, CA) in 384-well plates and
all reactions were performed in a ﬁnal volume of 20 μL as described
previously (Mott et al., 2007a). GAPDH expression was used to
normalize the relative expression of CD4, CD8, CD25, CD40, CD40L,
FoxP3, and active caspase-3 in corneas or spleen. CD4, CD8, CD25,
CD40, CD40L, FoxP3, and active caspase-3 expression in naive mice
was used to estimate the relative expression of each transcript in
corneas or spleen of immunized and infected mice.
Statistical analysis
Student's t-test and ANOVA were performed using the computer
program Instat (GraphPad, San Diego, CA) to analyze protective
parameters. Results were considered statistically signiﬁcant when the
P value was b0.05.
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